Purpose To evaluate the proportions of abnormal and normal embryos detected by preimplantation genetic diagnosis (PGD) of infertile couples of whom one was a Robertsonian translocation (RT) carrier, and to provide practical information, including details of reproductive outcomes, to aid in genetic counseling of such couples. Methods We retrospectively analyzed all PGD cycles conducted to deal with RT at our center between January 2000 and December 2009. Subject demographic and clinical data were compared with the results of PGD. Results Employing PGD, we conducted a total of 66 cycles on 34 couples of whom one was an RT carrier, including 24 female and 10 male carriers. Of the 514 blastomeres tested, 161 (31.3%) were normal or balanced. Of the 57 cycles that included embryo transfer, 17 (29.8%) attained positivity for human chorionic gonadotropin (hCG). A total of 17 embryos were implanted and 16 babies, including two sets of twins, were born. The takehome baby rate was 41.2% per couple and the loss rate 6.6%. Receiver operating characteristic curve analysis showed that the proportion of alternate embryos associated with a sensitivity of 70.6% for prediction of clinical pregnancy following PGD was 0.31. Sex of the carrier and type of translocation were not significantly associated with pregnancy outcomes. Conclusion Couples with RT may benefit from PGD; pregnancy success rate is improved and embryo loss reduced. We found that about 30% of embryos were of normal or balanced chromosomal constitution and that the percentage of normal or balanced embryos was predictive of PGD outcome.
Introduction
Robertsonian translocation (RT) is one of the most common balanced structural translocations in humans. RT is a result of the centromeric fusion of two acrocentric chromosomes (i.e., chromosomes 13, 14, 15, 21, and/or 22) . A healthy RT carrier is usually phenotypically normal, but has an increased risk of developing unbalanced gametes. RT carriers frequently report infertility problems, including recurrent pregnancy loss, oligozoospermia, and azoospermia. Importantly, unbalanced embryos that are trisomic for chromosomes 13 and 21 can survive throughout the course of pregnancy, resulting in the birth of children with Patau syndrome and Down syndrome, respectively. The incidence of RT is 1.2 per 1,000 in the general population, 1.8% in couples with recurrent pregnancy loss, and 2-3% in infertile men [1] [2] [3] .
The most frequent type of RT translocation occurs between chromosomes 13 and 14. Translocations between chromosomes 14 and 21 are less common, and other possible combinations are infrequent. Theoretically, alternate segregation during meiosis leads to six types of gametes; two are normal or balanced and four are unbalanced. Previous studies have shown that chromosome segregation in male and female RT carriers predominantly results in the production of normal or balanced gametes (alternate segregation). Moreover, the frequency of normal/ balanced gametes is much higher in male than in female carriers [4, 5] . RT impacts obstetric outcomes after fertilization, as aneuploidy has very little effect on fertilization capacity.
Preimplantation genetic diagnosis (PGD) is a prenatal diagnostic procedure that has been used successfully to identify RT [6] throughout the world. PGD in RT carriers is an alternative to prenatal diagnosis and the termination of abnormal fetuses. Moreover, this approach results in a significant reduction in spontaneous abortions and a significant increase in successful pregnancies. Previous studies of the chromosomal patterns of embryos in RT carriers subjected to PGD have shown mixed results. Some have suggested that RT prompts abnormal chromosome segregation, resulting in high levels of mosaicism and chaotic embryos [7] [8] [9] , whereas others have reported that RT does not cause chromosomal malsegregation during cleavage and that PGD is a useful alternative to prenatal diagnosis [10] .
Genetic counseling for RT carriers includes detailing the risk of eventful reproductive outcomes and appropriate evidence-based treatment strategies. PGD may facilitate pregnancy in RT carriers, but due to the extensive effort and high cost associated with the procedure, its use should be restricted. PGD has only been used to assess embryos in a few RT carriers. The present study details 10 years of experience with PGD in RT carriers. Specifically, the number of superior embryos revealed with PGD in RT carriers was assessed. Moreover, the factors that predicted pregnancy and the number of retrieved oocytes and embryos that were required to achieve successful outcomes were analyzed. This study provides practical information regarding the use of PGD as a treatment option for RT carriers.
Methods

Patients
This retrospective analysis included all RT carriers who underwent PGD cycles at our center between January 2000 and December 2009. Sixty-six cycles of PGD were performed in 34 couples with an RT, including 24 female and 10 male carriers. Each couple's ages, reproductive histories, and reasons for PGD were assessed. During the same time period, 410 PGD cycles were performed on 214 couples at the infertility center at CHA General Hospital.
Counseling and informed consent
All couples were evaluated and counseled by infertility specialists and medical geneticists. The procedure and limitations of PGD were explained to the couples. The risk of misdiagnosis attributable to embryonic mosaicism and the 1-2% technical error rate of the fluorescent in situ hybridization (FISH) procedure used in PGD were also detailed. Informed consent was provided by each couple prior to enrollment. The study was approved by the Institutional Review Board at CHA University Hospital.
In vitro fertilization and preimplantation genetic diagnosis All PGD couples underwent in vitro fertilization (IVF) using a gonadotropin-releasing hormone (GnRH) agonist or antagonist protocol for pituitary suppression, and were stimulated with recombinant follicular-stimulating hormone (FSH). Ovarian activity was monitored by regular ultrasound (US) scans and measurements of serum estrogen concentration. Recombinant human chorionic gonadotropin (hCG) was administered when the leading follicles exceeded 18 mm in diameter. Thirty-five hours later, oocytes were retrieved via transvaginal puncture under US guidance. Retrieved oocytes were fertilized by intracytoplasmic sperm injection (ICSI) and fertilized embryos were cultured in Quinn's Advantage Cleavage Medium (Sage In-Vitro Fertilization, Inc., Trumbull, CT, USA) at 37°C under 5% (v/v) CO 2 in air for 3 days. Fertilization and embryo development were assessed daily and embryos that reached the 6-8-cell stage on day 3 were biopsied. A single blastomere was taken from each embryo, after which the embryo was washed, transferred to Quinn's Advantage Blastocyst Medium (Sage In-Vitro Fertilization, Inc.) and cultured as described above.
Diagnostic efficiency of fluorescent in situ hybridization probes used for preimplantation genetic diagnosis
The FISH probes used included LSI 13, RB1, LSI14 (IGH), CEP15, LSI21 (D21S259-342), and TelVysion 22qtel, all of which were purchased from Vysis Inc. (Des Plaines, IL, USA). The specificity and sensitivity of the probes had previously been tested using patient lymphocyte cultures. The probe signal patterns of 50 metaphase and 50 interphase nuclei were scored as previously described [11] . All probes had specificities of 100% and efficiencies of 84-95%.
Fluorescent in situ hybridization
Slides of biopsied blastomeres were prepared as described in Coonen et al. [12] , and probe mixtures were prepared according to the manufacturer's protocol. FISH reactions were performed overnight using the HYBrite TM denaturation/ hybridization system (Vysis Inc). FISH signals were independently scored and interpreted by two technologists.
Embryo transfer and pregnancy evaluation
Embryos with normal and balanced FISH signals were transferred into the uterine cavity on the fourth day after oocyte retrieval. Serum β-hCG concentration was measured 12 days after transfer. Clinical pregnancy was defined as the presence of a fetal heartbeat on vaginal US at 4-6 weeks after embryo transfer. Miscarriage was defined as the spontaneous termination of a clinical pregnancy before the fetus was viable. Twins were regarded as a single live birth. After the confirmation of clinical pregnancy, the patients were followed throughout the pregnancy and delivery.
Statistical analysis
Data were analyzed using X 2 tests and receiver operating characteristic (ROC) curve construction. All statistical analyses were performed using SPSS software (ver. 17; SPSS Inc., Chicago, IL, USA). Statistical significance was defined as p<0.05.
Results
During the 10-year time period, 66 cycles of PGD were performed in 34 couples with an RT, including 24 female and 10 male carriers. The most common type of RT was der (13;14)(q10;q10), present in 67.6% of carriers. The mean age of female carriers was 32.7 years (range: 26-39 years). All female carriers had experienced two or more pregnancy losses (range: 2-5; mean: 2.8). Eight of the male carriers were identified via an infertility workup following a diagnosis of male factor infertility. Two other males knew that they were RT carriers due to a family history, and both requested genetic counseling before trying to conceive. All male carriers had oligozoospermia, with counts of 0.2-20× 10 6 spermatozoa/ml. The karyotype of each male carrier's partner was normal, and none of the couples had previously conceived a live-born child. The characteristics and clinical outcomes of the PGD cycles conducted in RT carriers are summarized in Tables 1 and 2 .
The mean number of oocytes aspirated from the 34 couples, including couples with either a male or female RT carrier, was 14.7 per cycle. The fertilization rate was 64.3%, and 53.0% of fertilized embryos reached a developmental stage that permitted successful biopsy. Of the 514 blastomeres tested, 161 (31.3%) were normal or balanced, 313 (60.9%) were abnormal, and 40 (7.8%) yielded inconclusive results. The number of retrieved oocytes and the fertilization rate differed significantly between couples containing male and female carriers, but no difference was evident in pregnancy outcome or the proportion of normal or balanced embryos.
Embryo transfer was performed in 57/66 (86.4%) PGD cycles, with a mean of 2.0 embryos transferred per cycle. No normal or balanced embryo was available for transfer during the other nine cycles. Of the 57 cycles of embryo transfer, 17 (29.8%) were associated with positive serum hCG, including two associated with a chemical pregnancy. One embryo spontaneously aborted at 9 weeks of gestation following the confirmation of a heartbeat at 7 weeks; chromosomal analysis of the aborted fetus revealed a normal karyotype of 46,XX. Eight couples with ongoing pregnancies requested confirmatory prenatal diagnoses by amniocentesis to exclude possible misdiagnosis; of these fetuses, six were RT carriers and two were normal. Fourteen cycles resulted in live births; the delivery rate was 21.2% (14/66) per cycle featuring oocyte retrieval and 24.6% (14/ 57) per cycle featuring embryo transfer. A total of 17 embryos were implanted, and 16 babies, including two sets of twins, were born. The live birth delivery rate per couple was 41.2% and the miscarriage rate was 6.6% (1/15).
The proportion of normal or balanced embryos significantly affected outcomes. The area under the ROC curve was 0.68 ( Fig. 1) . A cutoff value of 31% for normal or balanced embryos resulted in high sensitivity (70.6%) and moderate specificity (57.1%).
Discussion
Patients with RT, although phenotypically normal, commonly experience infertility and repeated miscarriages because approximately two-thirds of their gametes feature disomy or nullisomy and result in abnormal embryos [13, 14] . All couples in the present study sought help at our center because of recurrent abortion and male factor infertility. These couples had been trying to produce a child for a mean of 3.2 years prior to enrollment in the PGD program; all previous attempts had ended in abortion or termination as a result of fetal anomalies. The pregnancy rate was 29.8% per embryo transfer in these couples, with an overall delivery rate of 24.6% per embryo transfer after PGD and 41.2% per couple. These results are consistent with previously reported pooled PGD results [15] . The pregnancy rate with PGD was significantly lower than the mean pregnancy rate obtained with conventional IVF (38.9%/embryo transfer) at our center during the same period. The lower pregnancy rate with the use of PGD may have been due to the smaller number of embryos suitable for transfer or to the effects of the biopsy. The high proportion of chromosomal abnormalities found in embryos of RT carriers may also have reduced the pregnancy rate [8, 16] . In addition, factors other than chromosomal abnormalities that result in recurrent abortions may have influenced our results, as many couples undergoing PGD suffer from immunological disorders and/or luteal phase defects [17] .
With PGD, the rate of pregnancy loss in patients who had lost 69 previous pregnancies was only 6.6%. The mean duration of success (from the start of the cycle to a positive serum hCG) was 3.3 months and the mean number of cycles was 1.6. Thus, PGD significantly reduced the miscarriage rate and significantly increased the successful pregnancy rate compared with the couples' histories prior to PGD. Although the results of PGD following the confirmation of balanced translocation have been previously reported, RT carriers were not included. Table 3 shows the overall pregnancy and loss rates after PGD for RT carriers in several studies, including the present work and several case reports of natural reproductive outcomes in RT carriers. Compared with the natural reproductive history of such carriers, PGD increased the pregnancy rate, reduced the time required to obtain a successful pregnancy, and significantly reduced the spontaneous abortion rate. In contrast, the natural reproductive outcomes of translocation carriers after chromosomal analysis showed a high probability (45-80%) of the birth of a healthy child. Moreover, the mean time required to achieve a successful natural pregnancy was 5.3 years, a significantly greater proportion of carrier than non-carrier couples experienced one or more miscarriages after chromosomal analysis, and an increased incidence of termination due to chromosomal abnormalities was evident [18] [19] [20] . Although a successful natural pregnancy is probable in couples with a balanced translocation, repeated miscarriages and terminations of abnormal fetuses are associated with psychological trauma and a significant physical burden. Therefore, PGD may be a better option for RT carriers, allowing couples to take home a healthy child in a shorter period of time without the trauma associated with miscarriages and terminations. Various factors can affect PGD outcomes, including the sex of the carrier, the type of translocation, the type of biopsy used, and the number of normal/balanced embryos. Educating couples about the chance of successful pregnancy prior to PGD can eliminate concerns regarding these associated factors. The principal factor that affects pregnancy outcome is the proportion of normal/balanced embryos, which was confirmed in the present work [5, 21] . Analyses of chromosomal segregation in RT carriers have shown that the proportion of normal/balanced gametes is much higher in male than in female carriers [4, 5] . Moreover, the percentage of abnormal gametes is correlated with the proportion of abnormal embryos in translocation carriers [22, 23] . The frequencies of miscarriage and stillbirth are higher in female than in male der (13;14) carriers [24] . Thus, the sex of the carrier may influence PGD results. We found that the proportion of normal or balanced embryos was higher in couples with a male (32.1%) than in those with a female (27.7%) RT carrier, although this difference was not statistically significant. No between-group difference in clinical pregnancy or live birth rate was found. Assessments of meiotic segregation in the spermatozoa of male RT carriers have indicated that alternate segregation is very common. However, alternate segregation patterns differed in male and female RT carriers, with the latter showing a higher production rate of unbalanced gametes [16, [25] [26] [27] . Embryo karyotype did not correlate with the number of alternate embryos analyzed by carrier age, sex, or type of translocation [28] . Thus, although sex differences may influence the proportion of normal/balanced gametes, such differences do not occur at the embryonic stage and therefore do not affect the outcomes of PGD. These findings may be attributable to the high degree of complexity characterizing human gamete production, post-meiotic events, and embryonic development, with differences blurred by the natural selection process that takes place within the embryo. In addition, abnormal gametes may be present in the partner (with a normal karyotype) of a carrier, and embryonic data may thus be biased toward a higher proportion of unbalanced embryos [27] . Although PGD outcomes were not correlated with the sex of the RT carriers in our study, the sample size was insufficient to draw a firm conclusion on this topic and further investigation is warranted.
Pregnancy rates were 26.1% for der(13;14) RT carriers, 18.2% for der(14;21) RT carriers, and 25% for carriers of the remaining minor types of RT. Although the pregnancy rate was somewhat higher for der(13;14) than for der (14;21) RT carriers, this difference was not statistically significant. Moreover, no significant difference was present between these RT types and any other RT type.
No significant difference in the morphological characteristics of normal/balanced and abnormal embryos was evident. Morphological criteria have been found to be unreliable when used to select normal blastocysts from normal or balanced embryos [29] . We experienced embryo transfer failure in nine cycles because no normal embryo was available. Due to the relatively low fertilization and embryonic development rates in RT carriers compared with normal individuals, the proportional association between pregnancy rate and the available number of normal gametes differs, as successful outcomes require a satisfactory number of oocytes and embryos. Thus, to obtain one or more normal or balanced embryos for transfer, at least six oocytes must be retrieved and at least four embryos per cycle must be biopsied. We encountered two incidences of chemical pregnancy and one miscarriage after confirmation of a positive heartbeat. Cytogenetic analysis of the aborted fetus revealed a normal karyotype (46,XX). No other known factor contributed to recurrent abortion in these three couples. Although the miscarried fetus had a normal karyotype, spontaneous abortion may also be caused by embryonic mosaicism. Indeed, higher levels of mosaicism have been reported in the embryos of RT carriers than in those of normal couples [28] .
PGD outcomes were not correlated with the sex of the RT carrier or the type of translocation. However, the proportion of normal/balanced embryos and the number of embryos available for transfer significantly affected PGD outcomes. Generally, >50% of embryos obtained from RT carriers showed abnormal chromosomal constitutions, and only~31% were normal or balanced. Therefore, to obtain one or more normal or balanced embryos for transfer, at least six oocytes should be retrieved and at least four per cycle should be biopsied.
We found that PGD dramatically reduced the pregnancy loss rate and shortened the time required for a successful live birth. However, the ability of RT carriers to achieve successful natural pregnancies must be carefully considered before PGD is suggested, especially in couples who are young, fertile, and have no history of recurrent miscarriage. PGD may not be appropriate for male RT carriers with normal sperm analyses. However, PGD may be an appropriate option for couples with a history of pathologic pregnancy (malformation or stillbirth), recurrent abortion, one or more abortions associated with chromosomal imbalance, advanced age, or infertility.
